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ABSTRACT: Itaconates available from renewable resources
constitute a group of monomers that are used in several types of
polymerizations. Their use in free-radical polymerizations (FRPs)
is still limited due to the low propagation rate coefficients resulting
in low polymerization rates and the occurrence of depropagation
which is responsible for limited monomer conversion. Since FRP is
considered very robust with few requirements concerning
monomer purity, it is still interesting to investigate how itaconate
FRP may become feasible. For this reason, copolymerizations of
itaconates with other monomers well-suited for FRP are
considered. In particular, copolymerization with acrylates appears
to be interesting because the propagation rate of these monomers
is high and depropagation is not operative at common polymer-
ization temperatures. Copolymerizations of dibutyl and dicyclohexyl itaconate with butyl acrylate were performed to determine the
copolymerization reactivity ratios required for tailoring copolymer composition. To limit the number of experiments,
copolymerizations were carried out until high conversion and consumption of the individual monomers was obtained from 1H
NMR spectroscopy and quantitative size-exclusion chromatography.
KEYWORDS: itaconate copolymerization, depropagation, copolymerization parameter, in-line NMR, biobased monomer

■ INTRODUCTION
For the replacement of petrochemical-based chemicals by
biobased chemicals, two strategies are considered:1 the so-
called drop-in method, where only the origin of a component is
varied. Due to the identical structure of the molecules, the
same industrial processes used already in the past are feasible.
Second, new components, e.g., monomers or solvents, are
used. In the latter case, the chemical processes must be
adapted to account for the different chemical reactivities of the
substances. In the case of polymerizations, the second
approach often considers biobased monomers, which are
suited for polycondensations or polyadditions.2,3 With respect
to robust polymerization processes, it is highly desirable to use
biobased monomers suited for radical polymerizations, which
are not sensitive to the presence of water or impurities.
Moreover, radical polymerizations are attractive because they
can be performed in emulsions, which is associated with
avoiding the use of organic solvents, achieving excellent heat
control, and good mixing due to a moderate increase in
viscosity.

Recently, the group of itaconic acid-based esters is gaining
attention.4 Itaconic acid becomes available from biotechno-

logical processes in industrial quantities at competitive
prices.5,6 Moreover, it was referred to as one of the ten most
important platform chemicals.7 Upon esterification of the acid,
itaconic esters are available that are suited for radical
polymerizations. Depending on the source of the alcohol
used for esterification the biobased content of the itaconate
monomers varies.8 As summarized by Sollka and Lienkamp,4

the rate of itaconate free-radical homopolymerizations and
corresponding molar masses are very low. The reason may be
seen in generally very low propagation rate coefficients (kp)
mostly below 10 L·mol−1·s−1,9−12 which are more than 2
orders of magnitude lower than kp of methacrylates. In
addition, transfer rate coefficients to monomer and solvents are
higher than for (meth)acrylate monomers.13−15 Further, early
on, it was recognized that equilibrium of itaconate propagation
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and depropagation, as illustrated in Scheme 1 is important.
Depropagation was reported to be significant for temperatures
>60 °C,9 which contributes to low polymerization rate and
limits the monomer conversion accessibility.

In order to increase polymerization rate and polymer molar
masses, it appears highly rewarding to perform copolymeriza-
tions with other monomers, e.g., esters of acrylic and
methacrylic acids. Although the production of both acids
from biobased resources is not yet industrially relevant,16

several promising strategies were reported, and it appears to be
a matter of time that they will become available.17 Upon
esterification with biobased alcohols, renewable acrylates and
methacrylates will be accessible. Previously, it was shown that
copolymerizations of itaconates with styrene or methyl
methacrylate are feasible.18,19 However, it is favorable to use
acrylates, which are known to polymerize more quickly20 and
do not undergo depropagation in contrast to itaconates and
methacrylates.20,21 First results were reported for high-
temperature semibatch polymerizations of the dibutyl
itaconate (DBI)−butyl acrylate (BA) system.1,22

To allow for synthesis of materials with targeted copolymer
composition, the knowledge of copolymerization reactivity
ratios is essential. This is particularly true for copolymerization
systems with one monomer that may undergo depropagation.
However, so far this type of systems was rarely investigated,
e.g., with styrene and butyl methacrylate as comonomers.23

Only recently, the determination of reactivity ratios for various
systems with contributions from depropagation was addressed
in detail.24

Mostly, reactivity ratios are derived from copolymerizations
carried out up to low degrees of conversion.25 Alternatively,
reactivity ratios are accessible from copolymerizations up to
high conversion as long as the conversion is known. In a recent
publication by an IUPAC project group entitled “Experimental
Methods and Data Evaluation Procedures for the Determi-
nation of Radical Copolymerization Reactivity Ratios”, the
recommendations include performing copolymerizations with
widely varying monomer feed compositions and carrying out
the reactions over an extended conversion range.25 For this

approach, in-line monitoring of the individual conversions of
both comonomers is particularly suited.22,26,27

In this contribution, copolymerizations of DBI or
dicyclohexyl itaconate (DCHI) with BA covering itaconated
monomer feed ratios from 0.1 to 0.9 are addressed. The
individual conversion of each monomer as a function of time is
derived from in-line 1H NMR spectroscopy. In addition, off-
line size-exclusion chromatography (SEC) of the reaction
mixture yields the individual residual comonomer content in
the reaction mixture as a function of time. Monte Carlo (MC)
simulations involving the composition data and accounting for
the depropagation of the itaconate monomer units were
applied to determine the reactivity ratios.

■ MATERIALS AND EXPERIMENTAL METHODS

Materials
The monomer BA (99+% Acros Organics) was distilled prior to
polymerization, and DCHI was synthesized as detailed elsewhere.28

DBI (>97.0%, TCI), 1,4-dioxane-d8 (Deutero GmbH), 1,4-dioxane
(99.8%, water free, Sigma-Aldrich), 2,2′-azobis(isobutyronitrile)
(AIBN, >98% Sigma-Aldrich), and tetrahydrofuran (THF, 99%,
Grüssing) were used as received.
Size-Exclusion Chromatography
SEC analyses were performed using a system consisting of a Knauer
Marathon autosampler, a Waters 515 HPLC pump, a Knauer
Smartline RI detector 2300, and a set of three chromatographic
columns [100, 1000, and 100,000 Å SDV, polymer standards service
(PSS)]. THF was used as an eluent with a flow rate of 1 mL·min−1.
Calibration was established using seven polystyrene standards with
molar masses ranging from 162 to 2.57 × 106 g·mol−1 (PSS). Samples
with a polymer concentration of 2 mg·mL−1 in THF were filtered with
a syringe filter (0.45 μm) prior to injection of a sample volume of 100
μL.
NMR Spectra
1H NMR spectra were recorded on a Bruker Avance III 600 MHz
spectrometer (Bruker BioSpin GmbH & Co. KG, Ettlingen,
Germany). Reference spectra were obtained at 25 and 60 °C. All
spectral series monitoring polymerization reactions were conducted at
60 °C. Proton chemical shifts were reported in ppm relative to the
residual solvent protons in 1,4-dioxane-d8 at 3.53 ppm. Multiplicities

Scheme 1. Equilibrium of Propagation and Depropagation Reactions in Itaconate Radical Polymerizations

Table 1. Composition of Copolymerization Reaction Mixtures of BA and Either DBI or DCHI in Dioxane-d8 for
Copolymerizations at 60 °C and 1H NMR Analysesa

sample itaconate ci/(mol·L−1) cBA/(mol·L−1) f i0 cAIBN/(mmol·L−1)

#1a DBI 0.54 4.84 0.10 108
#2b DBI 1.20 2.79 0.30 80
#3b DCHI 1.20 2.79 0.30 80
#4b DBI 2.09 2.09 0.50 84
#5b DCHI 2.09 2.09 0.50 84
#6a DBI 2.35 1.57 0.60 78
#7b DBI 2.44 1.05 0.70 70
#8a DBI 3.07 0.77 0.80 77
#9a DBI 3.14 0.35 0.90 70

a(a) and (b) refer to off-line and in-line NMR analyses, respectively. ci, cBA, and cAIBN refer to the initial concentrations of itaconate, BA, and AIBN,
respectively. f i is the initial molar fraction of itaconate in the reaction mixture.
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are described using the following abbreviations: s = singlet, d =
doublet, t = triplet, q = quartet, and m = multiplet. Coupling
constants are given in Hertz (Hz).

Polymerization with In-Line 1H NMR Monitoring and
Measurement Details

Polymerizations were performed directly in an 1H NMR tube with 0.5
mL of the reaction mixture. The thus-prepared tube was placed in the
NMR spectrometer whose probe head had been preheated to 60 °C,
and then a series of 1000 single-scan spectra was measured within 4 h
with a frequency of 1 spectrum per 15 s (5 s prescan-delay). In
addition, polymerizations were carried out in NMR tubes placed in a
heating bath. The sample preparation was the same as for in-line 1H
NMR measurements. After reaction times of 60, 120, and 180 min,
the polymerizations were stopped by cooling to around 0 °C and a
subsequent 1H NMR measurement at 60 °C was performed. Prior to
polymerization and after the selected reaction time, three NMR
spectra were measured. The composition of each reaction mixture is
given in Table 1.

Copolymerization with Off-Line SEC Analyses

Copolymerizations of DBI or DCHI with BA at 80 °C were carried
out in vials with 5 mL of reaction mixture placed in a heating block
(Liebisch Labortechnik Labtherm Type 5138-6201), which was
placed on a circular shaker (IKA Labortechnik KS501 digital, 100
rounds per minute). Prior to the reaction, the reaction solution was
purged with nitrogen for several minutes to remove any oxygen
present. Typically, the reaction was stopped after selected times (15,
30, 45, 60, 90, and 110 min) by adding traces of hydroquinone
dissolved in methanol. Then, 0.2 mL of the sample was diluted with
3.8 mL of THF, and 100 μL of this solution was injected for SEC
analyses. The list of compositions is provided in Table S1 of the
Supporting Information.

Software for Monte Carlo Simulations
The simulation of itaconate-BA copolymerization with consideration
of itaconate depropagation was implemented in C++. Input data are
the initial concentrations of the monomers, the two r values, and the
rate coefficients of propagation and depropagation. Results of the MC
simulation are the concentrations of the monomers on the conversion
axis. Mersenne twister29 was used as the random number generator
for the MC simulation. To determine the r values using the
experimental data, the MC simulation was embedded in an
optimization environment for a stochastic Metropolis−Hastings
optimization environment implemented in Python 3.10.30 The
simulations were executed on a compute server with two AMD
Epyc 7H12 processors and Ubuntu 20.04.5 LTS as the operating
system.

■ RESULTS AND DISCUSSION

Data Evaluation with 1H NMR Spectroscopy

Initially, copolymerizations with varying monomer feed
compositions and subsequent removal of residual monomer
were carried out. However, due to the poor volatility of the
itaconate monomers, the approach was highly time-consuming.
Therefore, copolymerizations with an in-line 1H NMR
measurement of monomer consumption were performed.
The spectra of the itaconates DCHI and DBI show peaks
assigned to olefinic protons, which are clearly separated from
the olefinic protons of BA. Figure 1 provides the monomer
structures.

Even in a mixture of a symmetric itaconic acid diester (in
our case DBI or DCHI) and BA in the rather uncommon
deuterated solvent dioxane-d8, the assignment of the actually
diagnostic protons in the olefinic region is straightforward (see

Figure 1. Selected protons with a focus on diagnostic resonances (in red) essential for assignment in the 600 MHz 1H NMR spectra of BA, DBI,
and DCHI in dioxane-d8 (see detailed discussion below).

Figure 2. Diagnostic olefinic region of the 600 MHz NMR spectrum of a DBI-BA mixture at 25 °C (prior to copolymerization).
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Supporting Information). The most characteristic pair of
signals originates from the exo-methylene group of such an
itaconate (H-8,9 in DBI, H-9,10 in DCHI, and for comparison
H-1,2 in BA, see Figures 1 and 2 as well as Figures S1 and S2
in the Supporting Information). Additionally, the more upfield
located proton signal of the sp3 hybridized CH2 group adjacent
to this exo-methylene position (H-6,7 in DBI and H-7,8 in
DCHI) in the course of our NMR measurements consistently
appeared as a doublet around 3.3 ppm chemical shift whose
small splitting (about 1 Hz) is caused by an allylic coupling
with the trans-proton of the exo-methylene. Interestingly, in
previous cases, e.g., found by the groups of Robert et al.,28 De
Vos et al.,31 or Palkovits et al.,32 this saturated methylene

group within these (and other) symmetric itaconic acid
derivatives was detected as a singlet.

In BA, the cis-olefinic proton (H-2 of BA shown in Figure 1)
is found in the proton spectrum provided in Figure 2 at 6.36
ppm chemical shift as a doublet of doublets (dd) with a large
trans-coupling of 17.4 Hz to the olefinic proton in the α-
position to the carboxyl group (H-3). The doublet of doublets
of the latter proton at 6.13 ppm additionally reveals a
characteristic cis-coupling of 10.4 Hz with the second exo-
methylene proton at 5.82 ppm (H-1) that is trans-positioned
to the carboxyl group. Finally, the expectedly small geminal
coupling of both exo-methylene protons is 1.8 Hz.

Appropriate diagnostic DBI signals found in the comonomer
mixtures are the exo-methylene olefinic protons at 6.25 and

Figure 3. Comparative plot of the proton spectra of the DBI-BA mixture at 25 and 60 °C with only moderate temperature-dependent proton shift
differences ≤0.03 ppm.

Figure 4. Bottom to top proton NMR monitoring of the copolymerization of DBI-BA in dioxane-d8 at 60 °C within about 4 h with f DBI
0 = 0.30.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.4c00071
ACS Polym. Au 2024, 4, 540−549

543

https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00071/suppl_file/lg4c00071_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00071/suppl_file/lg4c00071_si_001.zip
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00071?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00071?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00071?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00071?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00071?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00071?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00071?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00071?fig=fig4&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


5.69 ppm. Again, the more deshielded resonance is cis-
positioned to the carboxyl group, whereas the trans counterpart
is found more upfield. The geminal coupling of DBI’s exo-
methylene protons is found to be 1.3 Hz. In addition, the
olefinic signal of this trans-proton is a doublet of triplets with
the appearance of a pseudo-quadruplet due to partial overlap.
The aforementioned allylic coupling with the saturated CH2
group that resonates at 3.29 ppm in the case of DBI gives a 0.8
Hz splitting. This assignment was confirmed by an appropriate
set of selective saturation experiments, e.g., the olefinic
resonance at 5.69 ppm (dd) collapses to a doublet (that
originates from the other exo-methylene proton) upon
saturation of the above-mentioned methylene signal at 3.29
ppm. In the case of DCHI, the diagnostic proton signals of the
inherent itaconic acid core resonate at almost the same
positions with almost identical spin−spin coupling constants
(see NMR data and Figure S2 in the Supporting Information).

All hitherto given chemical shift values refer to measurement
in dioxane-d8 at 25 °C. It should be mentioned that the said
diagnostic resonances of the olefinic region between about 6.5
and 5.5 ppm lead to only small shift differences of about Δδ
0.01 to 0.03 ppm upon increase of the temperature to 60 °C
(utilized for in situ copolymerizations). This is illustrated in
the stacked plot of the corresponding proton spectra in Figure
3.

With these spectroscopical characteristics and assignments
of the starting materials in hand, the 1H NMR spectra recorded
during a DBI-BA copolymerization at 60 °C shown in Figure 4
were evaluated.

The decrease in the intensity of the peaks assigned to the
olefinic protons is clearly seen. Similar spectra series were
obtained for DBI-BA copolymerizations with initial monomer
feed compositions ranging from 0.1 to 0.9. Further, two
copolymerizations of DCHI and BA with f DCHI

0 of 0.3 and 0.5
were carried out. As an example, a spectra series is provided in
the Supporting Information as Figure S3.

The conversion x of each individual monomer is calculated
according to eq 1

=x t A A t A( ) ( ( ))/0 0 (1)

with A being absolute integrals of the NMR peaks. The
concentration c(t) is calculated according to eq 2

= ·c t c x t c( ) ( )0 0 (2)

A0 and c0 refer to the initial reaction mixture at time zero.
Figure 5 gives two examples for the variation of monomer

conversion with time for DBI−BA with f DBI
0 = 0.30 (top) and

for DCHI−BA with f DCHI
0 = 0.30 (bottom). For both systems,

the conversion of the itaconate comonomer is higher than for
BA throughout the polymerization, indicating preferential
itaconate incorporation into the copolymer. The finding is not
surprising since the itaconate monomer results in a tertiary and
BA in a secondary propagating radical. Similarly, in
methacrylate−acrylate systems the methacrylate monomer is
preferentially built into the copolymer.33 With eq 2 the
concentration of each monomer as a function of time is
calculated.

In addition, copolymerizations at 80 °C were carried out in
thermostated vials for various reaction times. In-line 1H NMR
monitoring at 80 °C is not feasible; moreover, the reactions
proceed too quickly. After reaching the selected polymerization
time, the reaction mixture was directly injected for SEC

analyses. Figure 6 shows that the peaks of the solvent, the
monomers, and the copolymer are well separated in the SEC
elution curves. Due to the differences in size, subsequent to the
copolymer, the monomer DBI elutes first, followed by BA and
finally dioxane. Since the concentration of the solvent does not
change during the polymerization, the area of the dioxane peak
remains constant and serves as an internal reference. As
expected, the area of both monomer peaks decreases and can
be used to determine the monomer conversion of each
monomer. In addition, a small peak around 22.7 min is seen,
which is suggested to be due to products from side reactions
such as backbiting and subsequent scission, which were
reported for both monomers.1,20,34 Additionally, bimodality
of molar mass distributions was observed in styrene−
methacrylate copolymerizations at high temperatures with
significant contributions from methacrylate depropagation.35

To identify the origin of the peak occurring around 22.7 min in
Figure 6, electrospray ionization mass spectrometry (ESI-MS)
analyses of the low molar mass material was planned, which
was already applied to products from BA homopolymeriza-
tions.34

The monomer peak areas were determined by means of
fitting each peak with Gaussian curves using the program

Figure 5. Conversion−time curves for copolymerizations of BA with
DBI (top) and with DCHI (bottom) at 60 °C with f DBI

0 = 0.30 and
f DCHI

0 = 0.30, respectively.
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Origin.36 Figure S4 of the Supporting Information shows that
the peak areas change linearly with the monomer content. In
analogy to the interpretation of the NMR experiments using
eqs 1 and 2, the monomer conversion can be calculated from
the peak area before the reaction and at a defined reaction
time.
Modeling Strategy
In order to derive the reactivity ratios, a MC modeling
approach was applied, which considers the competing
reactions at the macroradical chain end. It should be noted
that the MC simulations do not account for the full kinetic
scheme, and thus, e.g., reaction rates are not accessible. A
comparable method was already applied to evaluate transfer
processes and the temperature dependence of defect structures
occurring in vinylidene fluoride iodine transfer polymer-
izations.37,38 The approach applied to determine the reactivity
ratios considering itaconate depropagation is illustrated in
Scheme 2. The kinetic coefficients used are listed in Table S2,
and the underlying mechanism is provided in Scheme S2 of the
Supporting Information. First, the number of molecules n1 and
n2 is initialized according to the comonomer feed composition,
with index 1 referring to DBI and index 2 referring to BA. A
total of 108 monomer molecules is used. The simulation shown
in Scheme 2 starts with BA at the chain end of a growing
macroradical (∼M2*). The macroradicals may undergo
homopolymerization with BA (M2) or copolymerization with
DBI (M1). The corresponding reaction probabilities are
calculated using eqs 3 and 4.

=
+

p
n

n n
r

22
2

2
1

21 (3)

=p p121 22 (4)

The selection of the reaction path is performed on the basis
of reaction probabilities and using a random number, rn (0 ≤
rn ≤ 1). In the case of homopropagation, the chain end
remains unchanged, and one BA molecule is consumed, which
is expressed by the assignment (n2 = n2 − 1). Thus, the
comonomer feed composition is changed. If a cross-
propagation reaction with DBI is selected, the chain end of
the macroradical changes to DBI in the terminal position and

BA in the penultimate position (∼M2 M1*) and the
comonomer feed is altered with the consumption of a DBI
monomer molecule expressed by the assignment (n1 = n1 − 1).
Chain End ∼ M2 M1*. Since a BA unit is situated at the

penultimate position of the macroradical, depropagation of
DBI is excluded, and only homopropagation with DBI or cross
propagation with BA is possible. After calculating the reaction
probabilities p11 and p12 (eqs 5 and 6), the reaction path is also
selected using a random number.
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Cross propagation restores the terminal BA unit in the
macroradical (∼M2*), and a BA monomer molecule is
consumed (n2 = n2 − 1). Homopropagation with DBI results
in the consumption of DBI (n1 = n1 − 1) and the sequence
∼M2 M1 M1* at the chain end. The length of the DBI
sequence at the end of the macroradical is logged in the
simulation.
Chain End ∼ M? M1 M1*. Since two or more DBI

monomers are located at the end of the chain, DBI
depropagation can occur in competition with addition to a
DBI or a BA molecule. The monomer M? is either DBI (? = 1)
or BA (? = 2). Homopropagation with DBI extends, and
depropagation of DBI decreases the DBI sequence at the end
of the macroradical. The reaction probabilities p11 and p12 for
homo- and cross propagation are calculated using eqs 5 and 6.
In addition, the ratio of DBI propagation to depropagation can
be calculated by using eq 7.

Figure 6. SEC elution curves for the copolymerization of DBI and BA
at 80 °C with f DBI

0 = 0.50.

Scheme 2. MC Simulation of Chain Propagation in
Copolymerizations of DBI (1) and BA (2) Accounting for
Depropagation of Monomer 1a

aThe asterisk marks the terminal monomer unit of the radical. The
other acronyms are explained in the main text. The possible reaction
pathways (addition of DBI, BA, and depropagation) have been color-
coded: orange color refers to propagation of DBI units, black color to
propagation of BA units, and red color to depropagation of DBI units.
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The current monomer conversion x1 of DBI and x2 of BA is
calculated using the initial and current counters n1 and n2
according to eq 8. The concentration of DBI, cM1, is calculated
from the initial DBI concentration, cM1,0 and x1 with eq 9. After
the current reaction probabilities p11, p12, and pdep, a random
number is used to select the reaction path. The homopropa-
gation consumes one DBI molecule (n1 = n1 − 1) and extends
the DBI sequence at the chain end. The cross-propagation
reaction pathway consumes one BA molecule (n2 = n2 − 1),
and BA is localized at the chain end (∼M2*). The
depropagation shortens the DBI sequence at the chain end,
and the number of DBI molecules increases (n1 = n1 + 1).
Now, the penultimate monomer unit at the end of the
macroradical (M?) is considered. In the case of DBI (? = 1),
the chain end remains unchanged (∼M? M1 M1*); in the case
of BA (? = 2), the depropagation pathway is not applicable and
the next reaction step is calculated with a BA unit at the
penultimate position (∼M2 M1*).

The monomer conversion is calculated from the number of
molecules n1 and n2 after each reaction step, and the actual
monomer concentrations are output after changes in
conversion of 0.01. In addition, the number of propagation
and depropagation steps carried out are logged. The simulation
ends at a monomer conversion of 0.99 or when an equilibrium
of propagation and depropagation is reached. Typically, a
simulation takes 3−4 s of computing time. The relative
concentrations c1 and c2 can be directly compared with the
experimental data from the NMR experiments. Regardless of
the initial composition of the reaction mixture f10, only the
itaconate reaction rate coefficients kp and kdep known from the
literature11 and the reactivity ratios r1 and r2 are required for
the description of the concentration data. The unknown r1 and
r2 parameters are obtained via MC simulations applying a
Metropolis Hastings method,39 which was applied previ-
ously.30,38

Figure 7 provides the relative concentration profiles for
copolymerization at 60 °C for both monomer systems, DBI−
BA and DCHI−BA, with the BA concentration plotted as a
function of itaconate concentration. It is seen that the relative
concentration profiles for both monomer systems cannot be
distinguished for the initial itaconate feed compositions f10 =
0.40 and f10 = 0.50. Therefore, common r values for both
comonomer systems were determined by fitting the copoly-
merization model illustrated in Scheme 2 to the experimental
data shown in Figure 7. A Metropolis−Hastings method was
applied to the fit. The resulting r values for the itaconates and
BA are rDBI,DCHI = 1.26 and rBA = 0.50, respectively.

Figure 8 presents the concentration data for DBI/BA
copolymerizations at 80 °C. The markers refer to experimental
data derived from off-line SEC analyses. The lines given in
Figure 8 represent the simulation results, which were obtained
with the r values derived for 60 °C, and the temperature
dependent DBI kinetic coefficients for homopropagation and
depropagation.10,11 Very good agreement between the
simulated and experimental data is found. It was assumed

that the r values are not significantly varied by the temperature
because of the rather narrow temperature interval of the
experiments. In addition, data for DCHI/BA copolymerization
at 80 °C with f DCHI = 0.50 is contained. Again, the
experimental data is very well represented by the simulations
given by the dashed line. The results show that the r values
determined at 60 °C can also be applied to polymerizations at
80 °C and, consequently, more pronounced depropagation.

Figure 7. Variation of BA concentration as a function of itaconate
concentration for copolymerizations of DBI and DCHI at 60 °C
derived from NMR measurements. Initial itaconate feed ratios, f i0, are
indicated. The markers refer to experimental data and the lines to
results from MC simulations with rDBI,DCHI = 1.26 and rBA = 0.50.
Polymerization proceeds toward low concentrations, as illustrated by
the arrow for f DBI

0 = 0.30. The experimental data is given in the
Supporting Information.

Figure 8. Variation of BA concentration with itaconate concentration
during copolymerizations of BA with DBI (black squares) or DCHI
(green circles) at 80 °C calculated from residual monomer
concentrations derived from off-line SEC analyses. The symbols
refer to experimental data, and the lines represent the results from the
MC simulations using the reactivity ratios rDBI,DCHI = 1.26 and rBA =
0.50. Polymerization proceeds toward low concentrations, as
illustrated by the arrow. The experimental data is given in the
Supporting Information.
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DBI−BA data derived from simulations for temperatures
ranging from 60 to 80 °C are considered in Figure 9. The data

demonstrate the influence of DBI depropagation on the DBI/
BA copolymerization. At 60 °C, DBI is preferentially
incorporated into the copolymer, which is indicated by the
modeled data for cBA being above the diagonal (dashed black
line). With increasing temperature, at 80 °C the incorporation
of BA becomes favored, regardless of unchanged r values. Once
all BA is consumed, polymerization stops although a DBI
concentration of 0.07 mol/L remains at 80 °C. This finding is
due to depropagation.

The representations in Figures 7−9 were chosen to account
for the influence of the itaconate concentration on the
depropagation. To illustrate how the data may be related to
a commonly used copolymerization diagram, Figure 10
provides the itaconate content in the copolymer, Fi, as a
function of the itaconate content in the monomer mixture, f i.
Using the reactivity ratios of 1.26 and 0.50 determined for
itaconate and BA, respectively, and eq 1025 the full line was
obtained.

=
+ ·

+ · + ·
F

r f f

r f f r f f

1 /

2 / /1
1 1 2

1 1 2 2 2 1 (10)

Subscripts 1 and 2 refer to the itaconate monomer and BA,
respectively.

This full line in Figure 10 represents systems without any
depropagation. Since concentration of the monomer under-
going depropagation has a large impact on the extent of
depropagation,21 the data points referring to systems with
depropagation were obtained as follows: the itaconate
concentration was fixed at 0.5 mol·L−1 and the corresponding
BA concentration was calculated according to the selected
monomer feed concentrations. Then, MC simulations
accounting for the temperature dependence of the propagation

and depropagation rate coefficients were carried out. The code
is provided in the Supporting Information. The use of eq 10 is
not feasible since the impact of the itaconate concentration on
depropagation cannot be accounted for. Figure 10 shows only
a small difference between all data for low f i. A significant
difference between the data obtained with consideration of
depropagation compared with the case without any depro-
pagation is found for higher itaconate contents in the
monomer mixture. As expected, the difference is larger the
higher the temperature. Figure 10 illustrates that it is important
to limit the temperature in copolymerizations aiming for high
contents of itaconates from biobased resources in the
copolymer.

For comparison of the calculated data in Figure 10 with
experimentally derived data, two data points were added. The
experiments selected were carried out with f i0 = 0.4 and 0.5.
These initial itaconate monomer feed compositions are
associated with itaconate concentrations of 0.54−0.48 and
0.55−0.47 mol·L−1, respectively, during the course of the
copolymerization. These values are rather close to 0.5 mol·L−1

used for the calculation of the data points in Figure 10. Very
good agreement of all data is seen.

■ CONCLUSIONS
Itaconic acid and its esters make up an interesting class of
monomers available from renewable resources. However,
radical polymerizations of itaconates are characterized by
very low propagation rate coefficients and depropagation
becoming influential at temperatures as low as 60 °C. Despite
this unfavorable aspect, it appears attractive to use these
monomers in very robust radical polymerization processes.
Unlike those important for other polymerization methods,
extensive purification and drying of the monomer is not
required. To overcome the generally slow radical polymer-
ization rates, copolymerization with fast propagating acrylates
is attractive. To tailor the copolymer composition, the
knowledge of the reactivity ratios is highly valuable.

Figure 9. Variation of BA concentration as a function of DBI
concentration during copolymerizations with f DBI

0 = 0.50. The
squares refer to experimental data obtained at 80 °C, and the lines
represent the results from the MC simulations at 60 and 80 °C using
the reactivity ratios rDBI,DCHI = 1.26 and rBA = 0.50 and temperature-
dependent kp and kdep values. Polymerization proceeds toward low
concentrations, as illustrated by the arrow. The diagonal is indicated
by the black dashed line.

Figure 10. Variation of molar itaconate content in the copolymer, Fi,
with the itaconate content in the monomer feed, f i. The full line refers
to copolymerization without depropagation and the markers to cases
with depropagation. The data points referring to systems with
depropagation were calculated with eq 10 and are given by the
squares; the circle and triangle represent experimental data. Further
details are given in the main text.
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Here, copolymerizations of the DBI/BA and DCHI/BA
monomer systems were investigated. The copolymerizations
carried out until high monomer conversion were analyzed with
(in-line) 1H NMR spectroscopy or quantitative SEC analyses
of the residual reaction mixtures, thus limiting the number of
experiments required. In all cases, preferential incorporation of
the itaconate monomers was observed. Moreover, the reaction
rate is significantly enhanced due to the presence of the
acrylate monomer. Applying MC simulations using propaga-
tion and depropagation rate coefficients for the corresponding
homopolymerization systems from the literature, it is found
that both comonomer systems are represented by a common
set of reactivity ratios: rDBI/DCHI = 1.26 and rBA = 0.50.
Considering the large difference between itaconate and
acrylate homopolymerization kp values of more than 3 orders
of magnitude and the rather small variation in kp caused by the
type of ester group within the itaconate and the acrylate
monomer group, the result suggests that these r values may be
used to estimate the copolymer composition for other
monomer systems with alkyl ester groups as well.
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